Suppression of spectral reflectance from the surface of solar cell is necessary for achieving a high energy conversion efficiency. We developed a simple method for forming nanocrystalline layers with ultralow reflectance in a broad range of wavelengths. The method is based on metal assisted etching of the silicon surface. In this work, we prepared Si solar cell structures with embedded nanocrystalline layers. The microstructure of embedded layer depends on the etching conditions. We examined the microstructure of the etched layers by a transmission electron microscope and analysed the experimental images by statistical and Fourier methods. The obtained results provide information on the applied treatment operations and can be used to optimize the solar cell forming procedure.
Introduction
Suppression of light reflectance from the sample surface is necessary for achieving a high energy conversion efficiency of Si solar cells. Formation of antireflection layers and texturization of Si surface are commonly used for these purposes. The development of new technologies is dominantly motivated by achieving a lower cost of electricity production. Forming of antireflection layers increases the cost of the prepared structures. The spectral reflectance is in this case suitably decreased only in limited ranges of wavelengths and for limited incidence angles. Pyramidal textures formed on Si surface can be used to improve the light trapping [1] [2] [3] [4] [5] [6] . The spectral reflectance of a pyramidal texture on Si decreases to 10%. Another way of production of Si structures with a low spectral reflectance is fabrication of porous structures [7] [8] [9] . Porous structures are usually nonuniform and due to the thickness of the porous layer it is difficult to form a high-quality pn-junction for the solar cell.
A simple method of forming nanocrystalline layers with ultralow reflectance in a broad range of wavelengths has been developed in Osaka University [10] [11] [12] [13] . The method is based on metal assisted etching of Si. A Pt mesh immersed in HF and H 2 O 2 solution is in contact with the Si surface and the mesh structure is transferred on the etched surface (surface structure chemical transfer method, SSCT). Due to the nonuniform dissolution, the SSCT treatment forms porous nanocrystalline layers with a gradient of pore density [6] . The ultralow spectral reflectance of nanostructured Si layer/crystalline Si structure results therefore from the depth gradient of the refractive index increasing with the thickness of the SSCT layer. In this work, we prepared solar cell structures with embedded SSCT layers. The microstructure of the solar cells with SSCT layers formed by various technological operations was experimentally measured by the transmission electron microscope (TEM). The cross-sectional TEM image contains important information about the microstructure development during individual steps of forming operations. We analysed the properties of embedded SSCT layers by studying statistical properties of the two-dimensional Fourier transform of a selected area in the TEM image with the SSCT structure. Results of this analysis provide reliable information necessary for optimization of the SSCT forming procedure.
Theoretical part
The Fourier transform is an important image processing tool used to decompose an image into its harmonic components. Two-dimensional (2D) image function f (m, n) defined on an M × N grid selected at the TEM image is in our approach transformed by the 2D discrete Fourier transform [14] 
The structure of the Fourier domain F (k, l) is reproduced graphically in a 3D plot (coded into grey scale or in color) and studied by statistical methods. We analysed 
where µ = E(X) is the mean of X . The second central moment µ 2 is called the variance and is a measure of the variability of X values. The coefficient of skewness is defined by equation
This is a measure of skewness of distribution X . For positive value of S ku the distribution X has long right tail (distribution is skewed to right). Value
is called the coefficient of kurtosis. It is a scale and location invariant measure of the degree of peakedness of the probability density curve. Values of S ku and F (k, l) significantly change in correspondence with the applied solar cell forming operations and indicate the degree of modification of the SSCT microstructure.
Experimental part
The SSCT layers in a structure of solar cells have been formed on Si substrate for a set of etching times described in Table 1 . Transmission electron micrograph measurements of the cross-section microstructure of the solar cell with embedded SSCT layer were carried out using a JEOL EM-3000F microscope with the incident electron energy of 300 keV. TEM images of SSCT layers embedded in the structure of the solar cell contain information about the layer thickness and about the microstructural properties influenced by individual steps of technological operations. In the analysed TEM images we selected a rectangular area containing information about the microstructure of the SSCT layer. We used identical dimension of selected areas for the whole set of samples as can be seen in Fig. 1a . The values in the selected area were transformed by the 2D DFT using Eq. 1 and represented in a grayscale 2D image (Fig. 1b) , grayscale 3D image (Fig. 2a) and color 3D image (Fig. 2b) .
Space frequencies shown in the 2D DFT domain reflect the development of the SSCT microstructure with the prolongation of the etching time. In Fig. 1(b) we observe a bright central zone of the Fourier domain. The properties of this area are very sensitive to changes in the analysed microstructure. This is nicely documented by Fig. 3 and 4 . We observed increasing values and changes of the central peak shape. Significant changes in the central zone can be seen in the ranges between 15, 20 and 25 second of SSCT etching (in Fig. 3 marked by circles) . In Fig. 4 , the profile values along the diagonal of the 1st quadrant of 2D DFT domain are shown. We observed a significant change of the profile function for etching time 20 seconds again. The distribution of the values for the structure etched for The properties of distributions represented by these histograms are influenced by the development of the SSCT microstructure during etching. Coefficients of skewness S sk and kurtosis S ku computed for these distributions by using (2) and (3) are shown in Fig. 6 and Fig. 7 Also the coefficient of kurtosis increases in the initial stages of etching. Its behaviour is very similar to the S sk values in Fig. 6 . S ku coefficient is a measure of peakedness of analysed distribution. Resulting values of S ku indicate that the distribution in the Fourier domain may be considered as not normal (for normal distribution S ku =0). Peakedness decreases for etching time of 20 seconds.
Changes in the SSCT microstructure during the first 20 seconds of etching are substantial for obtaining the required lowering of the spectral reflectance, which is crucial for the solar cell performance. Particle size distribution develops very intensively in the initial stages of etching. During the SSCT etching time of 20 seconds, the formed microstructure features reduce the spectral reflectance in a broad range of wavelengths.
Conclusion
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